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Yttria-stabilized zirconia powders, containing different levels of SiO2 and Al2O3, have been plasma
sprayed onto metallic substrates. The coatings were detached from their substrates and a dilatometer was
used to monitor the dimensional changes they exhibited during prolonged heat treatments. It was found
that specimens containing higher levels of silica and alumina exhibited higher rates of linear contraction,
in both in-plane and through-thickness directions. The in-plane stiffness and the through-thickness
thermal conductivity were also measured after different heat treatments and these were found to increase
at a greater rate for specimens with higher impurity (silica and alumina) levels. Changes in the pore
architecture during heat treatments were studied using Mercury Intrusion Porosimetry (MIP). Fine scale
porosity (< 50 nm) was found to be sharply reduced even by relatively short heat treatments. This is
correlated with improvements in inter-splat bonding and partial healing of intra-splat microcracks, which
are responsible for the observed changes in stiffness and conductivity, as well as the dimensional changes.
Keywords apparent Youngs modulus, plasma spray coat-
ings, porous material, sintering, thermal conduc-
tivity
1. Introduction
Plasma-sprayed ceramic coatings are widely used for
thermal and environmental protection, particularly in gas
turbines (Ref 1-4). Thermal barrier coatings (TBCs) are
particularly critical in these applications. Yttria-stabilized
zirconia (YSZ) is the most commonly used coating mate-
rial in conjunction with a bond coat layer. A typical
as-sprayed microstructure is shown in Fig. 1. The coating
is built up by successive deposition of over-lapping splats,
often with relatively poor bonding between them.
Individual splats tend to exhibit microcracks within them,
caused by hindered thermal contraction during quenching
of the splat immediately after impact. The pore structure,
in the form of inter-splat voids, intra-splat micro-
cracks and other, coarser and more globular pores, has a
strong inﬂuence on coating properties (see below).
Improved techniques have recently been developed for
characterization of the ﬁne scale pore content and archi-
tecture in coatings such as these, particularly small angle
neutron scattering (SANS) (Ref 5-8), small angle x-ray
scattering (Ref 9) and mercury intrusion porosimetry
(MIP) (Ref 10).
It is now well established (Ref 11-16) that both the pore
architecture and other microstructural features (grain size,
phase constitution, etc.) of these coatings can be signiﬁ-
cantly affected by prolonged exposure to high tempera-
ture. An illustration of how both inter-splat voids and
intra-splat microcracks can coarsen and partially heal via
sintering phenomena at elevated temperature is provided
by the pair of micrographs shown in Fig. 2. While the
temperature used for the heat treatment to which the
coating in Fig. 2(b) was subjected was relatively high
(1400  C), the period concerned (10 h) was short com-
pared to those common under service conditions. More-
over, as the operating temperatures of gas turbines are
progressively increased, the need for coatings to remain
microstructurally and thermo-mechanically stable when
subjected to temperatures of this order is becoming more
pressing. On the other hand, it should be recognized that
most such experimental work has been carried out on
coatings that have been detached from their substrates. It
has been pointed out (Ref 17) that the constraint imposed
by attachment to a metallic substrate tends to inhibit these
sintering (and associated contraction) effects in the coat-
ing, although they can still be signiﬁcant.
There is concern that such sintering-induced changes
can occur under service conditions and may adversely
affect the protective function of the coating. Of course,
sintering is not the only potential source of degradation.
Stover and Funke (Ref 18), in reviewing the future of
TBCs in power generation gas turbines, identify residual
stress generation, thermo-mechanical loading, cyclic strain
loads, creep, sintering and interface oxidation as the key
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dphenomena likely to cause coating failure and spallation.
In general, other authors (Ref 3, 19) are in agreement with
this analysis (for both plasma sprayed and PVD coatings).
It is important to appreciate, however, that most of these
effects are likely to be exacerbated by the substantial
stiffening commonly associated (Ref 14, 17, 20-22) with
sintering phenomena, so it is not only the shrinkage
caused by sintering that is likely to be deleterious. More-
over, sintering can also cause signiﬁcant increases in the
through-thickness thermal conductivity (Ref 6, 20, 23-25),
reducing the thermal protection offered to the substrate.
Finally, it is well established (Ref 26) that the erosion
resistance of these coatings tends to be impaired by sin-
tering effects.
There is relatively little information available about the
inﬂuence of composition on the sintering behavior of these
coatings. There have been a few studies (Ref 23, 25)
covering the effects of stabilizers (dopants), but in general
little is known about whether signiﬁcant improvements in
sintering resistance can be achieved by this type of
compositional control. There have also been some reports
(Ref 27-29) concerned with the effects of impurities,
notably the presence of silica and/or alumina, whichare the
contaminants most likely to be present in these powders at
signiﬁcant levels. In general, these studies have indicated
that sintering tends to be accelerated by the presence of
these species. For example, Chen et al. (Ref 27) found that
3 wt.%SiO2 signiﬁcantly enhanced the sintering rate, and
this was attributed to liquid sintering—i.e., to the forma-
tion of a vitreous, low viscosity phase, which would be able
to effect mass redistribution via capillarity forces, rather
than just by (surface, interface, or lattice) diffusion. This is
consistent with the work of Stemmer et al. (Ref 30), who
used high-resolution TEM and EELS to report that sam-
ples with  0.1 wt.%SiO2 exhibited an amorphous silicate
phase at triple grain junctions. However, there has been
little or no systematic work on whether worthwhile
reductions in sintering rates can be achieved via impurity
control. The present article addresses both this issue and
the question whether coating properties are signiﬁcantly
affected by impurity content. Both dilatometry during heat
treatment and post-treatment measurement of properties
are used to investigate this.
2. Experimental Procedures
2.1 Production of Plasma-Sprayed Coatings
Coatings were produced by atmospheric plasma
spraying (APS), under the conditions listed in Table 1.
The compositions of the zirconia powders used are given
in Table 2. Spraying was carried out onto 1.5 mm thick
Fig. 2 SEM micrographs of fracture surfaces of a YSZ coating
produced by APS, (a) as-sprayed and (b) after a heat treatment
of 10 h at 1400  C
Fig. 1 SEM micrograph of the fracture surface of a Yttria-
Stabilized Zirconia (YSZ) coating produced by atmospheric
plasma spraying (APS)
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dmild steel substrates, pre-coated with aluminum to facili-
tate de-bonding of the coating by treatment with con-
centrated hydrochloric acid.
2.2 Heat Treatment and Dilatometry
Detached coatings were isothermally heat treated in air
at 1400  C. A heating rate of 20  C min
)1 was used, while
cooling after the heat treatment was carried out by simply
removing the sample from the furnace. Phase constitution
after heat treatment was checked using x-ray diffraction
and it was concluded that the phase changes are expected
to make only relatively small contributions to shrinkage
(Ref 31). Dimensional changes during heat treatment
were monitored using a DIL 402C Netzsch dilatometer
(Selb, Germany). Dilatometry was performed in both in-
plane and through-thickness directions.
2.3 Microstructural Examination
Microstructural examinations were carried out using a
JEOL 6340F FEG-SEM (Tokyo, Japan). To prevent
charging, coatings were sputter coated with gold. A typical
microstructure is shown in Fig. 1. Heat treatment results
in grain growth, often bridging interfaces between splats,
as shown in Fig. 2. There is also evidence of healing of
microcracks. However, large voids remain relatively
unaffected.
2.4 Mercury Intrusion Porosimetry
Mercury porosimetry was carried out using a Microm-
eritics Autopore IV facility (Norcross, GA 30093-1877,
USA). Coating fragments of known total mass ( 8 g),
with dimensions  5m m· 5m m· 2 mm, were used.
Estimates of the sample bulk volume and skeletal volume
(and hence sample density) were obtained from mercury
penetration volumes. The pressure required to enter pores
of a speciﬁed width is given by the Washburn equation
(Ref 32) for slit-like pores as follows:
P ¼ 
2ccosh
D
ðEq 1Þ
where P is the applied pressure, c is the surface tension of
mercury (taken as 0.485 N m
)1), h is the contact angle
(taken as 130 ) and D is the slit width. The penetrometer
was progressively pressurized up to  200 MPa, with the
penetration volume being monitored by measuring the
capacitance of a co-axial capacitor formed by the intruding
mercury and the conducting stem. With this applied pres-
sure, pores down to a few nm in width could be detected.
Both the pore size distribution and the total pore volume
were measured. Estimates of sample skeletal and bulk
densities were also made from pore volume measurements.
2.5 Surface Area Measurement by Gas Adsorption
A MicroMeritics TriStar 3000 (Norcross, GA 30093-
1877, USA) was used to measure the speciﬁc surface area
of coatings. Coating fragments of known total mass
( 10 g), with dimensions  5m m· 5m m· 2 mm, were
used. They were thoroughly dried ( 250  C overnight)
before measurement. The sample chambers were then
cooled to liquid N2 temperature and evacuated. Nitrogen
was introduced, in controlled pressure increments, and the
equilibrated pressures measured and compared with the
saturation pressure, to determine the quantities of ad-
sorbed gas. The Brunauer-Emmett-Teller (BET) adsorp-
tion isotherm was then used to determine the specimen
surface area.
2.6 Stiffness Measurement
Apparent Youngs moduli in the in-plane direction
were measured before and after heat treatment, using
specimens with dimensions 100 mm · 10 mm · 1 mm.
These measurements were carried out using a customized
four-point bending rig. The load was applied via weights
on a counter-balanced pan, while displacements were
measured using a scanning laser extensimeter. It was
conﬁrmed that only elastic deformation was taking place
by checking the linearity and reversibility of the load-
displacement plots. Stiffness data were also obtained by
measurement of the resonant vibration frequency, using
RFDA MF 23 equipment (IMCE, Diepenbeek, Belgium).
2.7 Thermal Conductivity Measurement
Through-thickness thermal conductivities of coatings
were measured using specimens with dimensions
34 mm · 28 mm · 2 mm. The HotDisk
  method (Ref 33)
was used.
Table 1 Plasma spray parameters (Sulzer Metco 9MB plasma system, Sulzer Metco, Westbury, New York, USA)
N2 H2 CGF, N2 I P Feed rate ND SD
SLPM SLPM SLPM A kW g min
)1 mm mm
35.4 8.0 5.2 500 39.3 46 6 114
N2—primary plasma gas, H2—secondary plasma gas, CGF—carrier gas (N2) ﬂow, I—current, P—input power calculated using voltage measured
at the power supply, ND—nozzle diameter, SD—standoff distance
Table 2 Chemical composition of powders (wt.%)
AE1 AE2 AE3
Y2O3 7.57 7.79 7.78
SiO2 <0.01 0.09 0.18
Al2O3 0.05 0.2 0.09
TiO2 <0.01 0.08 0.04
Fe2O3 <0.01 0.01 0.02
CaO <0.01 0.01 0.02
HfO2 1.89 1.84 1.76
MgO <0.01 <0.01 <0.01
ZrO2 Bal. Bal. Bal.
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d3. Shrinkage, Surface Area, and Pore Size
Distributions
It should ﬁrst be emphasized that, while dilatometry is
a useful technique for monitoring of the shrinkage asso-
ciated with sintering, it does not give complete informa-
tion about sintering effects. It is well established (Ref 34)
that some sintering mechanisms lead to densiﬁcation
(shrinkage), while others do not. The important point is
whether material reaching the growing necks (high cur-
vature regions) has come from regions located between
the centers (of the dense particles), in which case the
centers approach each other and densiﬁcation occurs, or
from other regions (e.g., regions already on the free sur-
face), in which case it does not. In general, volume and
grain boundary diffusion tend to contribute to densiﬁca-
tion, while surface diffusion does not. All types of diffu-
sion, on the other hand, can contribute to surface area
reduction. It can therefore be useful to obtain both
shrinkage and surface area data.
Dilatometry data, for shrinkage in both in-plane and
through-thickness directions, are shown in Fig. 3, for
samples with three different impurity levels. It can be seen
that shrinkage is anisotropic, being greater in the through-
thickness direction. This is consistent with the fact that,
while inter-splat voids and intra-splat microcrack openings
are broadly similar in magnitude ( 10-300 nm), typical
spacings between them are different ( 1-2 lm, i.e., splat
thickness, for the voids, compared with  5-10 lm for the
spacing between microcracks). Closure of the voids thus
tends to generate greater (through-thickness) shrinkage
than similar degrees of closure of microcracks, which
causes in-plane shrinkage. It is also clear that higher levels
of silica and alumina tend to cause enhanced rates of
shrinkage, and that relatively small changes in the range
concerned (e.g., cutting levels from  0.1-0.2 wt.% down
to  0.01-0.05 wt.%) have a signiﬁcant effect (factor of
about 3-5). It would appear from these limited data that
the sensitivity to impurity level is rather similar for alu-
mina and silica, although the ratio of through-thickness to
in-plane shrinkage rates seems to be somewhat higher
when the silica content is greater.
Pore surface area measurements, for the same coating
compositions, are shown in Fig. 4, before and after two
heat treatments at 1400  C. It can be seen that these
changes are broadly similar to the corresponding dimen-
sional changes recorded by dilatometry. The reduction in
surface area is more pronounced for coatings with higher
alumina and silica content. This is consistent with the
disappearance of ﬁne scale porosity after 1 h at 1400  C,
observed with porosimetry (Fig. 5). It also suggests that
volume and/or grain boundary diffusion are signiﬁcant
here, since if surface diffusion were dominant then it
Fig. 3 Dilatometry data, showing the dimensional changes
exhibited by YSZ coatings with different impurity (silica and
alumina) levels during heat treatment at 1400  C
Fig. 5 Mercury porosimetry data, showing the pore size distri-
butions exhibited by a YSZ coating before and after two different
heat treatment at 1400  C
Fig. 4 BET (surface area) data, showing the changes exhibited
by YSZ coatings with different impurity (silica and alumina)
levels during heat treatment at 1400  C
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dwould be expected that the surface area reduction would
be more pronounced than the shrinkage (see above).
However, it should perhaps be noted here that liquid
phase sintering might be contributing to the observed ef-
fects, particularly with the higher impurity levels. Little is
known about the formation of vitreous phases in this
system, although there are some indications that they can
form (Ref 28, 30, 35). However, if substantial quantities
were forming during the present experiments, then it
would be expected that even the relatively large pores
would start to disappear. In practice, there is no detectable
change in the volume of such pores, which suggests that
the vitreous phase content at high temperature is rela-
tively low, although it should be noted that MIP is not well
suited for relatively large pores, which require low inﬁl-
tration pressures. This difﬁculty is partly associated with
the ‘‘ink-bottle’’ effect (Ref 36). Nevertheless, it seems
clear that these impurities signiﬁcantly enhance the dif-
fusion rates, probably for lattice, grain boundary, and
surface diffusion.
4. Stiffness and Conductivity
While large globular pores remained unaffected by the
heat treatment, ﬁne scale porosity (microcracks and poor
inter-splat contact), which are responsible for the high
compliance, tend to be quickly removed. This results in a
sharp increase in stiffness after short heat treatment times
(Fig. 6). This is in agreement with previous observations
(Ref 11, 17).
Locking of splats as a result of heat treatment also in-
creases the inter-splat contact area, raising the thermal
conductivity. It can be seen in Fig. 7 that the as-sprayed
thermal conductivities of the three coatings are very sim-
ilar. This suggests that it is predominantly the micro-
structure (splat and pore architecture) which tends to
control the conductivity, with the presence of impurities
(which might be expected to lower the lattice conductivity
slightly) having little effect. However, the conductivity
rises more rapidly during heat treatment for the specimens
with higher impurity levels, since these accelerate the
sintering and hence the rate at which the inter-splat area
increases. This is consistent with predictions from an
analytical model (Ref 37) for the thermal conductivity of
these coatings, as a function of heat treatment.
5. Conclusions
The following conclusions can be drawn from this work,
which has focused on plasma-sprayed zirconia-8 wt.%
yttria coatings heat treated at 1400  C.
(a) Reducing the contents of alumina and silica, from
 0.1-0.2 wt.% down to  0.01-0.05 wt.%, effects a
signiﬁcant reduction in the sintering rates, as moni-
tored by dilatometry, porosimetry, surface area mea-
surement, stiffness, and thermal conductivity.
(b) This reduction in sintering rates is attributed to slower
diffusion, with lattice, grain boundary and surface
diffusion probably all affected. The fact that rates of
surface area reduction reﬂect the rates of linear con-
traction suggests that lattice and/or grain boundary
diffusion contribute strongly to the sintering mecha-
nism, so it is unlikely that only surface diffusion is
involved. It is possible that liquid phase sintering is
taking place, particularly with the higher impurity
levels, but it is not a dominant mechanism under the
conditions studied.
(c) The sintering effects signiﬁcant changes in pore
architecture, with healing of intra-splat microcracks
and enhanced inter-splat bonding. These are accom-
panied by pronounced grain growth. These changes
lead to signiﬁcant increases in both in-plane stiffness
and through-thickness thermal conductivity. The lat-
ter is sensitive to increased inter-splat area, while the
former is affected by both microcrack healing and
improved inter-splat bonding.
Fig. 6 In-plane stiffness of YSZ coatings, before and after heat
treatments at 1400  C
Fig. 7 Through-thickness thermal conductivity of YSZ coatings,
before and after heat treatments at 1400  C
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